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Sesame Equation of State for Nickel

Travis Sjostrom
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

(Dated: February 18, 2022)

A new Sesame equation of state table for nickel has been created and released for testing. The
material ID is 83103. Of note the new table incorporates a magnetic contribution based on specific
heat data and a melt curve based on experimental data to 100 GPa.

INTRODUCTION

A new Sesame equation of state (EOS) table for nickel
has been created and released for testing with the mate-
rial ID 83103. This table is intended as complete range
table. The motivation was to generate a more accurate
table based on newer modeling methods and where newer
experimental data was available than was for the previous
table. While there is some suggestion for a very high pres-
sure solid-solid phase change, that is not incorporated in
this table and assumes FCC as the only solid phase. The
table has been constructed as a pseudo-multiphase EOS,
with the nuclear model distinguishing the solid and liq-
uid regimes. We have also included a magnetic contribu-
tion to bring the EOS into alignment with experimental
data. The reference density for the table is taken to be
8.91 g/cm3. A pressure-temperature diagram of the EOS
is shown in figure 1 indicating the melting and the prin-
cipal Hugoniot. Other nickel equations of state in the
literature include Refs. 1 and 2.

EOS CONSTRUCTION AND RESULTS

As is the general approach our EOS is based on eval-
uation of the Helmholtz free energy in density, ρ, and
temperature, T , space, and is written with the following
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FIG. 1: Phase diagram for nickel EOS 83103, showing melt
and the principal Hugoniot.

decomposition [3]

F (ρ, T ) = Ecc(ρ) + Fion(ρ, T ) + Fel(ρ, T ) , (1)

where Ecc is the cold curve contribution, Fion is the ther-
mal contribution for the ions, and Fel is the contribution
from the electron excitations.
For the cold curve we make use of a finite strain equa-

tion of state (see Eq. 19 of Ref. 3). Here we only use the
4 parameters for the cold curve reference density, bulk
modulus, the pressure derivative of the bulk modulus,
and the first expansion coefficient C1. For low density
we match to a Lennard-Jones equation of state below a
density of 8.375 g/cm3, and for high density which match
to a Thomas-Fermi-Dirac equation of state above 26.73
g/cm3. Again for formulary see Ref. 3. Exact parameters
for the cold curve and other models are in the attached
input file below.
For Fion we use the Johnson model [4], version 2. This

model allows use to generate the pseudo-multiphase EOS
with separate liquid and solid regions. This model is
essentially a Debye model below melt and interpolative
to an ideal gas above melt. Both regions are dependent
on a single function for the Grüneissen parameter, Γ,
for which we use Eq. 30 of Ref. 3. The Γ reference
density is set at 9.1256 g/cm3, and then the calculated
Debye temperature from the model is ΘD = 425 K. The
Johnson model uses the Lindemann equation to calculate
the melt. Here, however, we have changed that to use the
experimentally derived Simon-Glatzel fit to the melting
data [5]

Tmelt = 1727×

[

Pmelt

17
+ 1

]1/2.5

, (2)

where Tmelt is in K and Pmelt is in GPa. This fit is only
over experimental data up to 100 GPa, though we use
it from ambient pressure through the highest densities of
the table. Below ambient pressure, roughly below ρ = 8.3
g/cm3, we use the Lindemann formula.
For Fel we calculate the thermal electron free energy

by using the Tartarus average atom code [6]. As with
a Thomas-Fermi-Dirac (TFD) average atom calculation
a single ion is solved embedded in a plasma. However
in Tartarus the Kohn-Sham electron orbitals are calcu-
lated instead of using the semi-classical TFD electron
density. We also included an additional magnetic con-
tribution which uses an empirically based model for the
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FIG. 2: Isobaric specific heat CP of nickel below the melting
temperature [8].

specific heat [1, 7]

CV,mag(T ) = KAT
3/2/(rATC − T ) , T < TC , (3)

CV,mag(T ) = KB/(T − rBTC)
2 , T > TC , (4)

where TC = 631 is the Curie temperature in K, andKA =
1.98 × 10−6 , KB = 1.31 , rA = 1.3, rB = 0.816 with
CV,mag in MJ/kg/K. CV,mag is then integrated to give
the interanl energy and entropy terms. It is of note that
this model assumes no dependence with the volume.
The combination of using a Tartarus based table and

the magnetic contribution allows us to find very good
agreement for the specific heat of nickel with experiment
as shown in figure 2. The values in the plot are the
recommended values of Desai [8], based on available data
on nickel through 1984. The value of CP does rise higher
than the EOS for temperatures above 800 K, and this
may indicate that anharmonic contributions are needed
in the ion model which go beyond the Debye model we
have used.
Other isobaric data the EOS was fit to include the ther-

mal expansion and the enthalpy, which are both shown
in figure 3. Both sets show good agreement for the solid
and liquid phases as well as the melt transition tempera-
ture. Though the data is a little scattered for the liquid
thermal expansion, a best fit would indicate a slightly
lower density than what the EOS yields.
In the top panel of figure 4 we have plotted the EOS

300 K pressure isotherm along with recent diamond anvil
cell data [12], which shows good agreement to 156 GPa.
In the bottom panel we have plotted the results for
the Hugoniot with all available experimental results [13],
which reach to nearly two times compression.
Finally, we note the EOS finds the critical point at

ρ = 1.00 g/cm3, T = 9850 K, and P = 0.65 GPa, which
compares relatively well with experiment [22] and molec-
ular dynamics simulations [23].
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FIG. 3: Nickel isobaric results in the solid and liquid phases
for (top) the thermal expansion [9–11] and (bottom) the en-
thalpy [8, 11] to over 4000 K.

The EOS was generated using the LANL OpenSesame
code. Determination of the parameters was completed by
using particle swarm optimization against the data shown
in figures 2-4. The melt curve was enforced to be Eq. 2
in the jdjnuc model of OpenSesame, as was noted earlier.
This was done in a local modification of OpenSesame and
not available in the code. The magnetic model has been
implemented in the master branch of OpenSesame since
Feb. 2022. Those parameters and all other are in the
input file which is below. The Tartarus table for nickel,
along with others, is being made available in the LANL
eos-developmental space.
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in.Ni - the input file for nickel including the tempera-
ture grid job for capturing the specific heat accurately.

&job

job_type="grid" /

&grid

grid_type="temperature"

grid_change="delete"

grid_limit_lo=0

grid_limit_hi=800

grid_temperature_units=’K’

/

&job

job_type="grid" /

&grid

grid_type="temperature"

grid_change="insert"

grid_limit_lo=0

grid_limit_hi=800

grid_size=33

grid_spec="lin"

grid_temperature_units=’K’ /

&job

job_type=’neweos’

resultlib_path=’./’/

&neweos

material_number=83103

material_name=’nickel’

author=’Travis Sjostrom’

references=’’

atomic_number=28

atomic_weight=58.693

reference_density=8.91

ifstandard=.false.

energy_shift=0.0

!!!! cold curve

cold_model=’finite_strain’

cold_bulk_modulus=188.941

cold_dbdp=4.9

cold_density=9.0230

fs_coeff=-25

lower_compression_cutoff=0.940

upper_compression_cutoff=3.0

lennard_jones_exponent=1.25

cohesive_energy_kc=100.0

!!!! nuclear contribution

nuclear_model=’gjdjnuc’

liquid_multiplier=1.02

meltwidthjdjnuc=0.02

gruneisen_option=7

gamma_reference_density=9.1256

reference_gamma=2.05

gamma_at_zero=1.0

gamma_at_infinity=1.0

dgamma_left=-2.05

dgamma_right=-2.05

melt_model=’function’

melt_option=’other’

initial_melt_density=8.22

initial_melt_temperature=1728

!!!! electronic contribution

electron_model=’electron_material’

electron_material_number=92028

magnetic_model=’CV’

mag_params=1.98d-6 1.3 1.31 0.816 631.0

/


